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Ooplasmic segregation in the late interphase zygote of the leech Theromyzon trizonare is accomplished by reorganization of an
ectoplasmic cytoskeleton formed by polar rings and meridional bands. The dynamic properties of this cytoskeleton were explored by time-
lapse confocal and video microscopy. Cytoskeleton assembly was investigated in zygotes pulse-labeled with microinjected fluorophore-
tagged or biotin-tagged dimeric tubulin and G-actin. Cytoskeleton disassembly was studied by comparing the linear dimensions of the
cytoskeleton at different time points during late interphase. The relative distributions of F- and-G-actin were determined after microinjection
of rhodamine-labeled actin and fluorescein-labeled DNase I. Results showed that labeled precursors were readily incorporated into a network
of microtubules or actin filaments. Bipolar translocation of the rings and meridional bands was accompanied by the rapid assembly and
disassembly of microtubules and actin filaments. Because labeled microtubules and microfilaments gradually decreased, the rate of
cytoskeleton disassembly was greater than the rate of cytoskeleton assembly. Hence, ooplasmic segregation was accompanied by the rapid
turnover of cytoskeletal components. Co-distribution of F- and-G-actin during mid and late interphase may favor polymer–monomer
interchange. We conclude that cytoskeleton reorganization during foundation of cytoplasmic domains can be conveniently studied in the live
leech zygote after microinjection of labeled precursors.
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Cytoskeleton translocationIntroduction
Preparation for development starts in the ovary during
maturation of the oocyte and continues in the egg and zygote
before initiation of cleavage. The whole process may take
days, weeks, months, or years, and allows maternal factors,
such as mRNA, ribosomes, proteins, and organelles, to
become distributed throughout the cytoplasm. In this manner,
cytoplasmic domains are established in the zygote of various
species (Bashirullah et al., 1998; Bowerman, 1999; Ferna´n-
dez, 1980; Forristal et al., 1995; Jeffery and Meier, 1983;
King, 1996; St Johnston and Nu¨sslein-Volhard, 1992;
Suprenant, 1993). The formation of cytoplasmic domains in
the zygote, a process called ooplasmic segregation, involves
complex rearrangement of the cellular components. Cyto-
plasmic domains may be discrete and difficult to visualize or0012-1606/$ - see front matter D 2004 Elsevier Inc. All rights reserved.
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acteristic of organisms such as annelids and ascidians that ex-
hibit mosaic development (reviewed by Ferna´ndez et al.,
1998b). During cleavage, cytoplasmic domains are selective-
ly funneled into blastomeres that generate different embryonic
cell lineages. Immunofluorescence, electron microscopy, and
drug treatment have shown that the cytoskeleton plays an
important role in ooplasmic segregation in annelids (Astrow
et al., 1989; Ferna´ndez and Olea, 1995; Ferna´ndez et al.,
1998a; Shimizu, 1984), ascidian (Ferna´ndez et al., 1998b;
Jeffery and Meier, 1983), insects (Pokrywka, 1995), fish
(Hart and Fluck, 1995), and amphibians (Houliston, 1994).
However, few studies have used microinjected fluorescent
probes to study the movement of organelles and the dynamics
of the cytoskeleton during ooplasmic segregation.
In glossiphoniid leeches, mature eggs laid by the
mother or surgically removed from the ovisacs are already
fertilized and blocked in the metaphase of the first meiotic
division (Ferna´ndez and Olea, 1982). During the first 30–
45 min of development, the meiotic spindle rotates and
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1990). Its outer pole forms the gray spot (stage 0.1), a
region that will constitute the animal pole of the egg
(Ferna´ndez, 1980). Meiosis is completed in 2:30–3:00
h of development (stage 0.5), time at which the egg
becomes a zygote. The first interphase extends until
5:00–5:30 h of development (stage 0.9) and the first
cleavage division is initiated between 5:30 and 6:00 h of
development at 20jC. The first interphase has three
periods. During early interphase (stage 0.5–0.65), the
zygote has two apparently independent cytoskeleton
domains. The inner or endoplasmic cytoskeleton consists
largely of microtubules connected to a centrally located
MTOC founded by the sperm centrosome (Ferna´ndez et
al., 1994). These microtubules form a monaster engaged in
the centrifugal transport of organelles that accumulate in
the ectoplasm (Ferna´ndez et al., 1998a). The outer or
ectoplasmic cytoskeleton, by contrast, consists of micro-
tubules and actin filaments nucleated by a network of
ectoplasmic cytasters. Interestingly, these cytasters are
involved in the accumulation and bulk transport of organ-
elles across the ectoplasm (Cantillana et al., 2000a).
During mid interphase (stage 0.65–0.7), cytasters coalesce
to form a complex cytoskeletal system of polar rings and
meridional bands. In many zygotes, the meridional bands
appear interconnected by a variable number of bridges that
form a network device (Ferna´ndez et al., 2002). During
late interphase (stage 0.7–0.9), the rings, meridional
bands, and interconnected bridges translocate poleward,
fuse with one another, and generate an animal and a
vegetal polar mass of cytoskeleton that becomes gradually
smaller. Concomitantly, two great domains of organelle-
rich cytoplasm called teloplasm are established at the
zygotes poles (Ferna´ndez et al., 1998a).
Ooplasmic segregation and teloplasm formation are al-
tered by drugs that stabilize microtubules or actin filaments,
suggesting that the microtubule and actin cytoskeletons are
dynamic and presumably cross-linked (Ferna´ndez et al.,
1998a, 2002). Therefore, it was of interest to determine the
rate of turnover of microtubules and actin filaments, their
pattern of assembly and disassembly, and the importance of
this process in the bipolar translocation and reorganization of
the rings and meridional bands.
In this paper, we show that the moving rings and
meridional bands of the late interphase zygote are subjected
to profound reorganization. This process has been studied in
live zygotes whose cytoskeleton was marked with fluores-
cently labeled precursors. It is shown that the labeled
microtubules and actin filaments turn over rapidly. Howev-
er, the rate of cytoskeleton disassembly was greater than the
rate of cytoskeleton assembly. This situation led to the
gradual disassembly of the ectoplasmic cytoskeleton at the
two poles of the zygote. This process often concluded after
initiation of cleavage. Co-distribution of F- and G-actin
throughout mid and late interphase may favor polymer–
monomer interchange.Materials and methods
Eggs and zygotes of the duck leech Theromyzon trizo-
nare (formerly Theromyzon rude, see Davies and Oosthui-
zen, 1993) were used. Sexually matured animals were
collected in the ponds of the Golden Gate Park, San
Francisco, CA, or were raised in the laboratory. Mating
leeches were maintained in 1% Instant Ocean Salt (Aquar-
ium Systems, Mentor, OH) that was also used as a
convenient culture medium for eggs and embryos. Mating
between males took several weeks, and after its conclusion,
the paired ovary sacs became visible as yellowish or
brownish structures at the midventral region of the animal.
To control the speed at which oogenesis progressed,
pregnant mothers were transferred to a chamber at 12–
14jC. Mature eggs were obtained by dissection and the
speed at which they developed was regulated by the
temperature of the culture medium that ranged between
12jC and 24jC. Development of the egg and zygote was
represented by a time line that went from stage 0 (egg
laying or egg removal from the ovisacs) to stage 1
(appearance of the first cleavage furrow). For more details,
see Ferna´ndez et al. (2002). Approximately 4000 eggs were
used in this study.
Preparation of labeled G-actin and tubulin
Actin was purified from acetone powder obtained from
chicken breast according to Pardee and Spudish (1982).
Conjugation of F-actin to a fluorophore was done according
to Bearer (1992). Both 6-(fluorescein-5-(and)-6)-carboaxa-
mido) hexanoic acid succinimidyl ester and 5-(and-6)-car-
boxytetramethylrhodamine succinimidyl ester (Molecular
Probes, Eugene, OR) were used. The fluorophore/actin
monomer ratio was 3:1. Tubulin was purified from a
chicken brain homogenate according to Weisenberg et al.
(1968), as modified by Monasterio and Timasheff (1987).
Tubulin was conjugated to the same fluorophores according
to Hyman et al. (1991). The fluorophore/tubulin dimer ratio
was 2:1. The labeled probes were purified using size-
exclusion spin columns designed for use with proteins of
molecular weight 30,000 Da. Dimeric tubulin and G-actin
were also labeled with Alexa Fluor 488 or 594 using a
conjugation kit (Molecular Probes). Aliquots of labeled
actin were kept at 4jC and those of labeled tubulin at
20jC. For more details, see Cantillana et al. (2000a). The
purity of the dimeric tubulin and G-actin was determined by
gel electrophoresis and Western blot and their concentration
by the Bradford method. Before microinjection, the labeled
precursors were centrifuged in a Microcon 30 filter device
(Fisher Scientific, CA) for 30 min at 13,000 rpm. In this
manner, the protein aggregates and remaining unbound
fluorophore could be removed. Results using our labeled
probes were compared with those obtained with commer-
cially available labeled tubulin and non-muscle G-actin
(Cytoskeleton Inc., CO).
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proteins
To test the specificity of labeled dimeric tubulin and G-
actin to bind and become incorporated into the zygote
cytoskeleton, other labeled non-cytoskeletal proteins were
microinjected at either the gray spot or mid interphase
stages. For this purpose, we used the following proteins
labeled with 5-(and-6)-carboxytetramethylrhodamine succi-
nimidyl ester (Molecular Probes): Ovoalbumin; Trypsin
inhibitor type II-S, Soy bean (both from Sigma, MO); and
FtsZ, a bacterial protein donated by Dr Rosalba Lagos. The
conjugated proteins were column purified as indicated
above and stored at 20jC. The final intracellular concen-
tration of these labeled proteins matched those reached by
the labeled cytoskeletal precursors (see below).
Labeling of the cytoskeleton by microinjection of
fluorophore-tagged cytoskeletal precursors
Labeled tubulin and labeled G-actin, fluorescein or Alexa
Fluor 594-labeled DNase I (Molecular Probes), and labeled
non-cytoskeletal proteins were pressure-injected under the
dissecting microscope using a Narishige IM 300 micro-
injector. The zygote is 700–750 Am in diameter and its
volume approximately 200 nl. Injections were placed at the
equatorial region of the egg or zygote. The aliquoted stock
solution of dimeric tubulin labeled with rhodamine or
fluorescein (0.7–1.5 mg/ml), Alexa Fluor 350 or 488 (1–
4.8 mg/ml) was dissolved in glutamate buffer (Hyman et al.,
1991). The aliquoted stock solution of G-actin labeled with
rhodamine (1.6 mg/ml) or Alexa Fluor 488 (1.1 mg/ml) was
dissolved in acetate buffer (Hird, 1996). The molar concen-
tration of the probes at the micropipette was 12–90 AM for
dimeric tubulin and 25–35 AM for G-actin. Microinjection
of 10 nl of the stock gave a final intracellular concentration
of 0.035–0.050 mg/ml of fluorescently labeled exogenous
dimeric tubulin and 0.055–0.080 mg/ml of G-actin. Thus,
the molar intracellular concentration of dimeric tubulin was
0.6–4.5 AM and that of G-actin 1.3–1.8 AM. In spite of the
low intracellular concentration reached by the microinjected
probes, the cytoskeleton was satisfactorily marked, particu-
larly when the fluorophore was rhodamine or Alexa Fluor
594. Similar results were obtained with microinjected bio-
tinylated probes (see below). Microinjection of 10 nl of
commercially available biotin-labeled tubulin and G-actin
reached an intracellular concentration of approximately 0.25
mg/ml (4.5–6 AM). Labeled non-cytoskeletal proteins were
also microinjected at similar concentrations and used as
controls. Zygotes microinjected with 10 nl of glutamate or
acetate buffer developed normally. To verify that the labeled
cytoskeletal probes were incorporated into the cytoskeleton,
zygotes microinjected with fluorescent dimeric tubulin or G-
actin were permeabilized-fixed (see below), whole-
mounted, and studied under video microscopy. This proce-
dure allows determining whether the cytoskeleton remainsfluorescent after manipulations that are considered to re-
move unincorporated microinjected-labeled precursors. To
ascertain whether microinjected fluorescently labeled sub-
units, many of which were incorporated into the zygote
interphase cytoskeleton, could later be used by the embryo
in the assembly of other cytoskeletal structures (positive
controls), zygotes were allowed to develop into blastulae.
Labeled live embryonic cells were then examined by video
microscopy.
Labeling of the cytoskeleton by microinjection of
biotin-tagged cytoskeletal precursors
A stock solution of 3.3 mg/ml of biotin-labeled tubulin in
G-PEM buffer and 1.65 mg/ml of biotin-labeled actin in Tris
buffer (Cytoskeleton Inc.) was prepared immediately before
used. Microinjection of 10 nl of the stock at the equatorial
region of the egg or zygote allowed to reach intracellular
concentrations of approximately 0.170 mg/ml (3 AM) of
biotin tubulin and 0.08 mg/ml (1.9 AM) of biotin actin.
Zygotes microinjected at stage 0.1 or 0.7–0.9 were per-
meabilized-fixed during stage 0.7–0.9. For permeabiliza-
tion, mechanically dechorionated zygotes were treated for
10–40 min in PHEM buffer, pH 7.0 (2 mM MgCl2, 60 mM
Pipes, 25 mM HEPES, and 10 mM EGTA; see Schliwa,
1980; Schliwa and van Blerkom, 1981). Ten milliliters of
the complemented buffer contained 60 Al of Triton X-100,
100 Al of 100 mM PMSF, 100 Al of 100 mM NaF, 8 Al of
5 mM Taxol (1 Ag/ml; Molecular Probes), and 10 Al of
1.2 mM unlabeled Phalloidin (1 Ag/ml; Molecular Probes).
The actin cytoskeleton extends across the outer ectoplasm
and its structure is better preserved after short permeabiliza-
tion (10–15 min). The microtubule cytoskeleton, on the
other hand, lies deeper in the ectoplasm and its visualization
is improved after long permeabilization (25–40 min) (for
more details, see Ferna´ndez et al., 2002). After 1 h fixation
in 4% paraformaldehyde or formaldehyde in 1 phosphate
buffer saline (PBS), zygotes were rinsed in PBS for 1 h. The
labeled cytoskeleton was revealed by incubation of the
zygotes in Alexa Fluor 350 or 594 streptavidin (Molecular
Probes), diluted 1:50–1:200, at 6jC during 1–3 days.
Uninjected permeabilized-fixed zygotes, incubated in la-
beled-streptavidin, were used as negative controls. To check
whether microinjected biotin-labeled subunits, many of
which were incorporated by the zygote interphase cytoskel-
eton, could be reutilized later by the embryo in the assembly
of other cytoskeletal structures (positive controls), micro-
injected zygotes were allowed to develop into blastulae.
Blastulae were permeabilized-fixed, incubated in labeled
streptavidin, and examined by video microscopy.
Labeling of the cytoskeleton by immunofluorescence
Zygotes were permeabilized-fixed as indicated above. For
microtubule staining, monoclonal anti-a-tubulin (Calbio-
chem, CA) diluted 1:50 in PBS or monoclonal anti-actin
Fig. 1. Diagram that illustrates the translocation and reorganization of the
zygote cytoskeleton during late first interphase. (A) Stage 0.7 zygote whose
microtubules and actin filaments lie in the walls of annular and meridionally
running furrows that constitute the polar rings (pr) and meridional bands
(mb). (B) Initial stage 0.8 zygote whose constricted polar rings are closer to
the poles. The meridional bands were interrupted at the equator of the
zygote. (C) Advanced stage 0.8 zygote whose polar rings were occluded
and the meridional bands considerably shortened. (D) Stage 0.9 zygote
showing that reorganization of the polar rings and meridional bands led to
the formation of animal (am) and vegetal (vm) cytoskeletal polar masses.
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antibodies, labeled with Alexa Fluor 480 or Alexa Fluor
594 (Molecular Probes), were diluted 1:200 in PBS.
Visualization of G-actin with fluorescein-labeled DNase I
A 160-AM stock solution of fluorescein or rhodamine-
labeled DNase I (Molecular Probes) was prepared in PBSFig. 2. High magnification video imaging of the animal ring of two stage 0.7 live zy
or rhodamine-labeled G-actin (B). The labeled cytoskeleton precursors were in
respectively. Microtubules were imaged at about 1 Am from the zygote surface, wbuffer-glycerol and stored at 20jC. After thawing, the
probe was centrifuged in a Microcon 30 filter device for 30
min at 13,000 rpm. In this manner, eventual trypsin con-
tamination could be removed. Then, 8 nl of the stock
solution was microinjected at the equatorial region of stage
0.7–0.9 zygotes. In this manner, the probe reached an
intracellular concentration of 6.4 AM (0.2 mg/ml) and the
distribution of G-actin was determined immediately after
injection of the labeled enzyme. For double labeling experi-
ments, the eggs were microinjected with rhodamine-labeled
actin at stage 0.1 and fluorescein-labeled DNase I at stage
0.7–0.9. The relative distribution of G- and F-actin could
then be determined using regular or double filters. As
negative controls, stage 0.7 zygotes microinjected with
rhodamine-labeled DNase I, bound to equal molar concen-
tration of unlabeled chicken G-actin, were allowed to
develop until uninjected zygotes started dividing.
Structure of the cytoskeleton
The structure of the labeled cytoskeleton was studied in
(a) live or permeabilized-fixed whole-mounted zygotes
microinjected with fluorophore-labeled cytoskeletal precur-
sors, (b) permeabilized-fixed whole-mounted zygotes
microinjected with biotin-labeled cytoskeletal precursors,
and (c) uninjected permeabilized-fixed zygotes immunos-
tained for microtubules and actin filaments. In all cases, the
zygotes were examined under mid and high power fluores-
cence video microscopy using a 40 (NA 0.60) Achroplan
or a 100 (NA 1.30) Plan Neofluar objectives. The Optovar
of the Zeiss microscope allowed projecting the image onto
the CCD chip at magnifications of 40–250. Better reso-
lution images of the cytoskeleton were obtained by obser-
vation of uninjected or injected zygotes under the scanning
electron microscope. To this end, zygotes were permeabi-
lized as indicated above, but 4% polyethileneglycol (Sigma)
was included in the permeabilization mixture (Svitkina et
al., 1995). Samples5 were fixed for 2 h in 2% glutaralde-
hyde in 0.1 M cacodylate buffer pH 7.4 containing 0.1%
tannic acid (Merck, GE). After 2-h rinsing in cacodylategotes microinjected at stage 0.1 with rhodamine-labeled dimeric tubulin (A)
corporated into a network of microtubules (mt) or microfilaments (mf ),
hereas actin filaments were imaged at the cell cortex. Scale bar, 10 Am.
Fig. 3. High magnification video imaging of two permeabilized-fixed stage 0.8 zygotes previously microinjected with labeled dimeric tubulin (A) or G-actin
(B) at stage 0.1 of development. Notice the persistence of labeled microtubule (mt) and microfilament (mf ) networks throughout the animal ring. Scale bar,
10 Am.
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point dried from CO2, and coated with gold. A Philips
EM300 electron microscope equipped with a scanning
device and a Tesla BS 343A scanning electron microscope
were used. Photographic negatives were scanned with an
Epson Expression 1600 Professional scanner.
Time-lapse fluorescence video microscopy
Live zygotes microinjected with labeled tubulin and/or
G-actin were studied in a Zeiss Axiovert 135 inverted
fluorescence microscope equipped with a Hamamatsu
chilled CCD camera (model C 5985 with an Adobe Photo-
shop plug-in module). Observation of uninjected zygotes
with the fluorescein filter showed that the yolk, but not the
cytoplasm of the rings and meridional bands, was auto-
fluorescent. Therefore, when fluorescein-labeled probes
were used to mark microtubules or actin filaments, there
was no need to subtract autofluorescence from the rings and
meridional bands. Image analysis was performed on a
Power Macintosh G3 or G4 computer using the public
domain NIH Image program (written by W. Rasband at
the U.S. National Institutes of Health) or the facilities of theFig. 4. Scanning electron micrographs (A and B) showing the structure of the cyto
This procedure produced good resolution images of the microtubule (mt) and micr
actin filaments is mostly based on the time of permeabilization. Short permeabilizat
allowed visualization of the deeper microtubule network. Scale bar, 5 Am.Adobe Photoshop software. For observation, zygotes were
placed on Falcon 3072 tissue culture wells or between two
coverslips separated by plasticine stoppers. To avoid zygote
drying, the edges of the coverslips were sealed with Vase-
line. This latter procedure for whole mounting zygotes did
not alter their development and permitted better visualiza-
tion of their cytoskeleton and the possibility of examining
the two sides of the same zygote by high power fluorescence
microscopy (see above). Time-lapse video images were
taken at different intervals, stored in the hard disk, and
backed-up in CDs. Animation or montage of live images
allowed us to follow the dynamics of the labeled cytoskel-
eton. Microinjection of zygotes often retarded development
by 10–20 min. Observations were performed at 18–22jC.
Pulse labeling of the cytoskeleton
Stage 0.7–0.9 zygotes were pulse-labeled by microin-
jecting fluorophore-tagged or biotin-tagged cytoskeletal
precursors. Zygotes were microinjected every 5–10 min
and examined under the fluorescence microscope immedi-
ately after microinjection. The microinjected probes reached
the intracellular concentrations indicated above. Pulse-label-skeleton in the animal ring of two zygotes permeabilized-fixed at stage 0.7.
ofilaments (mf ) networks. The provisory identification of microtubules and
ion preserved the superficial actin network, whereas longer permeabilization
Fig. 5. High magnification video imaging of the cytoskeleton of two stage 0.7 zygotes prepared by immunofluorescence after microinjection of biotin-labeled
tubulin (A) or biotin-labeled actin (B) at stage 0.1. The incorporated precursor was detected by streptavidin conjugated with Alexa Fluor 594. The labeled
microtubule network (mt) of a meridional band and the microfilament network (mf ) of the animal ring are shown. Scale bar, 5 Am.
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probes and clutches of eggs.
Fluorescence microphotography
When color of the labeled cytoskeleton needed to be
captured, for judging the relative distribution of probes
marked with different fluorophores, micrographs were taken
using the rhodamine, fluorescein, or double filter (515–530/
580–630) installed in the Zeiss Axiovert 135 fluorescence
microscope. Micrographs were taken with a MC 80 auto-
matic camera loaded with 400 ASA Ektachrome film. Color
slides were scanned with an Epson Expression 1600 Pro-
fessional scanner.
Confocal microscopy
Zygotes were mounted between coverslips, as described
above, and examined in a Zeiss Axiovert laser scanning
microscope equipped with argon and He-Ne lasers. To avoid
radiation damage and blurring of the moving cytoskeleton,
samples were subjected to only four scans of 1.08 s each.
Time-lapse images were taken every 10–15 min for a total
of 1:30–3:00 h. To prepare projections of the moving
cytoskeleton, a stack of images was made from opticalFig. 6. High magnification video imaging of the cytoskeleton of two stage 0.8
microtubule (mt) and microfilament (mf) networks are visualized along ‘‘fibers’’ (f
look similar to those seen in the cytoskeleton of microinjected live zygotes. Scalsections taken every 5–10 Am. Pseudocolor was assigned
to fluorescein (green)- and rhodamine (red)-labeled compo-
nents of the cytoskeleton. To balance the green and red
channels, their histograms were normalized. Observations
were performed at 16–18jC.
Determination of the amount of cytoskeleton
To determine the amount of cytoskeleton present at both
zygote hemispheres throughout late interphase, galleries of
confocal optical sections prepared at different time points
were compared. To this end, optical sections across the
hemispheres of stage 0.7–0.9 zygotes, previously micro-
injected with rhodamine-labeled dimeric tubulin and fluo-
rescein-labeled G-actin, were prepared. Optical sections
went as deep as the ectoplasmic cytoskeleton could be
detected: 60–90 Am. Thus, each stack contained 6–9
images taken every 10 Am and in which microtubules were
assigned red color and actin filaments green color.Results
Reorganization of the cytoskeleton in the late interphase
zygote of the leech T. trizonare is briefly diagrammed inzygotes immunostained for microtubules (A) and actin filaments (B). The
) running in the meridional bands (mb) and animal ring (ar). These networks
e bar, 10 Am.
Fig. 7. Video images of three stage 0.8 control live zygotes microinjected at stage 0.7 with labeled dimeric tubulin (A), labeled ovalbumin (B), and labeled
trypsin inhibitor (C). Notice that only the dimeric tubulin was incorporated into microtubules of the animal ring (ar) and meridional bands (mb). Neither of the
other two microinjected proteins labeled the cytoskeleton. Scale bar, 100 Am.
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into two large polar rings interconnected by a variable
number of meridional bands. Constriction and poleward
displacement of the polar rings are accompanied by stretch-
ing and then interruption of the meridional bands at the
zygote equator. When this happens, the zygote enters stage
0.8 of development. Further constriction of the polar rings
and shortening of the meridional bands lead to the formation
of an animal and a vegetal polar cytoskeletal mass, and the
zygote enters stage 0.9 of development.
Microinjected labeled cytoskeletal precursors were
incorporated into microtubules and actin filaments
Marking of the living cytoskeleton with labeled precursors
represents an interesting approach to study cytoskeleton
dynamics during ooplasmic segregation. We have found thatFig. 8. Video imaging of the animal hemisphere of three live zygotes pulse-labeled
G-actin at three time points during late interphase: stage 0.7 (A and D); stage 0.8
injection of the precursor and show the rapid and continuous incorporation of dime
(D, E, and F) during the first interphase. Incorporation of both precursors seemed to
(mb). Poleward translocation of the animal cytoskeleton was accompanied by tw
meridional bands, and second, reorganization of the animal cytoskeleton into a pola
zygote. Scale bar, 100 Am.microinjection of labeled dimeric tubulin or G-actin at stage
0.1 (meiosis I) or at stage 0.7–0.9 (mid and late first
interphase) marked the ectoplasmic cytoskeleton of the leech
zygote. In the case of mid and late interphase zygotes, the
whole cytoskeleton became fluorescent 2–10 min after
injection of the labeled probe. Marking of the cytoskeleton
started at the injection site and advanced as the probe diffused
out across the zygote cytoplasm. Therefore, marking of the
cytoskeleton with the fluorescent probes seems to be rather
fast. This suggests that the microinjected subunits were
immediately available for nucleation and/or polymerization.
However, it was still necessary to demonstrate that the
injected probes were indeed incorporated into microtubules
and actin filaments. Towards this end, zygotes microinjected
with fluorescent cytoskeleton precursors at the stages indi-
cated above were studied by mid and high power fluores-
cence video microscopy. Labeled microtubules and actinwith a mixture of rhodamine-labeled dimeric tubulin and fluorescein-labeled
(B and E), and stage 0.9 (C and F). Images were taken immediately after
ric tubulin into microtubules (A, B, and C) and G-actin into actin filaments
occur simultaneously throughout the animal ring (ar) and meridional bands
o phenomena. First, constriction of the animal ring and shortening of the
r mass (pm). Similar phenomena took place in the vegetal hemisphere of the
Fig. 9. Micrographs showing the animal hemisphere of two live zygotes microinjected with rhodamine-labeled dimeric tubulin at stage 0.1 and with
fluorescein-labeled dimeric tubulin at stage 0.7 (A–C) or 0.8 (D–F). Immediately after the second injection, the zygote was imaged with the rhodamine (A and
D), fluorescein (B and E), or double (C and F) filters. The double filter allowed visualizing colocalization of rhodamine-labeled and fluorescein-labeled
microtubules and actin filaments that appeared colored yellow to orange. Colocalization of the two fluorescence signals across the entire cytoskeleton suggests
that turnover is rapid and simultaneous throughout the animal ring (ar) and meridional bands (mb). Scale bar, 100 Am.
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thick that formed delicate networks. The networks were
three-dimensional because they could be imaged at different
depths. The actin network was superficial and formed part of
a thin cortex 0.2–0.3 Am in thickness. The microtubuleFig. 10. Video imaging of the animal hemisphere of several zygotes pulse-labele
during late interphase: stage 0.7 (A and E), stage 0.8 (B and F), and stage 0.9 (C).
precursor incorporated into microtubules was detected with Alexa Fluor 594 strept
with Alexa Fluor 350 streptavidin. The sequence of images strongly suggests t
cytoskeleton during the reorganization and translocation of the polar rings (ar, anim
the microinjected precursors were incorporated into the polar cytoskeletal mass (pm
Fluor 594 (negative control), is shown in panel D. Notice that in this case the annetwork lied below the cortex and extended for several
micrometers across the rest of the ectoplasm (Fig. 2). Visu-
alization of both labeled networks was also possible in
permeabilized-fixedmicroinjected zygotes (Fig. 3). The latter
procedure is supposed to remove soluble zygote componentsd with biotin tubulin (A–C) or biotin actin (E–F) at different time points
Immediately after microinjection, zygotes were permeabilized-fixed and the
avidin, whereas the precursor incorporated into microfilaments was detected
hat the biotin-labeled precursors were continuously incorporated into the
al ring) and meridional bands (mb). Toward the end of the late interphase,
). A stage 0.7 uninjected permeabilized-fixed zygote, incubated with Alexa
imal ring and meridional bands were not labeled. Scale bar, 100 Am.
J. Ferna´ndez et al. / Developmental Biology 271 (2004) 59–74 67such as unincorporated-labeled tubulin and G-actin. There-
fore, this result added support to the proposal that the labeled
cytoskeleton included fluorescent microtubules and actin
filaments. Inspection of permeabilized-fixed zygotes under
the scanning electron microscope confirmed that the cyto-
skeleton formed networks (Fig. 4). It is presumed that the
superficial network, lying immediately below the cell mem-
brane and detected after short permeabilization, would cor-
respond to the actin cytoskeleton. The deep network observed
after long permeabilization would correspond, instead, to the
microtubule network. Application of immunogold decoration
or selective depletion of microtubules or actin filaments is
needed to unambiguously distinguish the two networks under
the scanning electron microscope (see Svitkina and Borisy,
1998).
To complement results on the structure of the labeled
cytoskeleton, we examined microtubules and actin filaments
marked with biotin-streptavidin. To this end, stage 0.1 eggs
microinjected with biotin-labeled tubulin or biotin-labeled
G-actin were permeabilized-fixed at stage 0.7–0.9 and the
microtubule or actin cytoskeletons revealed by labeled
streptavidin. High-power fluorescent microscopy of the
stained cytoskeleton demonstrated that the microtubules
and actin filaments formed networks similar to those de-
scribed in live microinjected zygotes (Fig. 5). A cytoskel-
eton network was also seen along ‘‘filaments’’ visualized in
permeabilized-fixed zygotes immunostained for microtu-
bules and actin filaments (Fig. 6). However, the general
appearance of the labeled cytoskeleton in the live zygote is
different to that of the cytoskeleton stained by immunoflu-
orescence. Live zygotes are turbid and their cytoskeleton
apparently traps considerable amounts of labeled monomer.
Both conditions are considered to prevent visualization of
labeled ‘‘fibers’’ in the live zygote. Labeled non-cytoskeletal
proteins, such as ovalbumin, trypsin inhibitor, and bacterial
FtsZ, microinjected in stage 0.7–0.9 control zygotes failed
to stain the cytoskeleton (Fig. 7). From these results, it is
concluded that the cytoskeleton of the live leech zygoteFig. 11. Video images of the dorsal surface of an embryo microinjected at stage 0.
Alexa Fluor 594, and whole-mounted with slight compression. (A) Embryonic c
assembled a microtubule cytoskeleton (arrow heads) using the microinjected precur
higher magnification. Scale bars, 100 Am (A); 50 Am (B).consists of a network of microtubules and actin filaments
that can be unambiguously and conveniently marked with
labeled cytoskeletal precursors.
Assembly of microtubules and actin filaments in the
translocating cytoskeleton of the polar rings and meridional
bands
Dramatic changes in the organization of the zygote
ectoplasmic cytoskeleton during late interphase strongly
suggested that it might include dynamic microtubules and
microfilaments. If this were so, the cytoskeleton of the rings
and meridional bands would be subjected to a rapid turn
over, that is, rapid assembly and/or disassembly of micro-
tubules and actin filaments. To study cytoskeleton assembly,
zygotes received a short pulse of fluorophore or biotin-
labeled cytoskeletal precursors at different time points
during stage 0.7–0.9. In this manner, incorporation of
microtubule and actin filament precursors was explored
every 5–10 min during the entire mid and late interphase.
Microinjected labeled dimeric tubulin or G-actin was
rapidly and continuously incorporated into the zygote cyto-
skeleton throughout mid and late interphase (Fig. 8). Of
course, incorporation of the labeled probe progressed from
the injection site. To explore the pattern of cytoskeleton
assembly, double labeling experiments were performed.
Zygotes microinjected with rhodamine-labeled tubulin or
rhodamine-labeled G-actin at stage 0.1 received a second
injection of fluorescein-labeled tubulin or fluorescein-la-
beled G-actin at stage 0.7–0.9. Observation of zygotes
immediately after the second injection showed that fluores-
cein-labeled dimeric tubulin and G-actin was rapidly incor-
porated throughout the already rhodamine-labeled
microtubules and microfilaments of the rings and meridional
bands. Study of these twice-injected zygotes with a double
filter showed yellow- or orange-colored rings and meridio-
nal bands resulting from the merging of red- and green-
colored microtubules or red- and green-colored actin fila-1 with biotin tubulin, permeabilized-fixed at the blastula stage, reacted with
ells such as the teloblasts (te), blast cells (bl), and micromeres (mi) have
sor (positive controls). (B) The microtubules (mt) of a teloblast are shown at
Fig. 12. Lateral view of time-lapse confocal projections of a stage 0.8 late interphase live zygote microinjected with labeled-tubulin (A and B). Each projection
was prepared from a stack of eight optical sections of the cytoskeleton taken every 15 Am. Sections were perpendicular to the animal–vegetal axis of the
zygote. Notice the sinking of the cytoskeleton (check the colored marks, indicating depth in micra, at the left upper corner of each image) as the animal ring (ar)
and meridional bands (mb) approached the animal pole. Time between panels A and B is 4 min. Scale bar, 30 Am.
J. Ferna´ndez et al. / Developmental Biology 271 (2004) 59–7468ments (Fig. 9). We have not yet been able to determine the
relative arrangement of rhodamine- and fluorescein-labeled
subunits throughout the cytoskeleton network. This would
have helped us understand the possible mechanism(s) by
which microtubules and microfilaments turned over in the
live zygote. From these results, it may be concluded that
during mid and late interphase, labeled dimeric tubulin and
G-actin is continuously incorporated into microtubules and
actin filaments, respectively. Moreover, this process seemed
to occur simultaneously throughout the entire cytoskeleton,
that is, across the rings and meridional bands.
Study of stage 0.7–0.9 permeabilized-fixed zygotes,
incubated in streptavidin after receiving short pulses of
biotin-labeled tubulin or biotin-labeled G-actin, also indi-
cated continuous incorporation of the precursors into the
microtubules or microfilaments of the rings and meridional
bands. Uninjected zygotes permeabilized at stage 0.7 and
incubated in labeled streptavidin (negative controls) did not
exhibit a fluorescent cytoskeleton, discarding that fluores-
cence was due to the presence of biotin across the rings and
meridional bands (Fig. 10). To test whether the injected
biotin-labeled precursor could also be incorporated into
other cytoskeletal structures (positive controls), zygotesFig. 13. Galleries of confocal optical sections, taken every 10 Am (see upper left co
microinjected with a mixture of rhodamine-labeled dimeric tubulin and fluores
filaments colored green. (A) Gallery of optical sections of the animal hemisphere
Time between the two galleries is 45 min. Comparison of the galleries indicates str
bar, 100 Am.
Fig. 14. Confocal optical sections of the animal hemisphere of a stage 0.8 (A–C)
dimeric tubulin and fluorescein-labeled G-actin at stage 0.1. It shows the distributi
the animal ring (ar), meridional bands (mb), and polar mass (pm). Regions wher
meridional sections of the zygotes. Color lines (x–x and y–y) indicate the plane of
C, and E and F, respectively. Panel B indicates that the meridional bands (arrow
shown in panel C, includes both microtubules and actin filaments (double arrowhea
filaments (arrowheads). These images provide evidence that the whole micro
cytoskeleton. Scale bar, 100 Am.microinjected with biotin-labeled tubulin at stage 0.7 were
allowed to develop into early embryos. Examination of
permeabilized-fixed blastulae demonstrated incorporation
of biotin-labeled tubulin into the microtubule cytoskeleton
of embryonic cells such as large teloblasts (stem cells that
originate the germinal bands), blast cells, and small micro-
meres (Fig. 11).
Disassembly of microtubules and actin filaments in the
translocating cytoskeleton of the polar rings and meridional
bands
Zygotes microinjected with labeled dimeric tubulin and
G-actin at stage 0.1 and examined by time-lapse video or
confocal microscopy throughout stage 0.7–0.9 showed two
interesting features of the late interphase moving cytoskel-
eton. First, the polar rings and meridional bands gradually
deepened into the endoplasm as they reached the zygote
poles (Fig. 12). Under these circumstances, less cytoskele-
ton could be visualized at the zygote surface as develop-
ment advanced. Second, the linear dimensions of the
cytoskeleton decreased as the rings and meridional bands
approached the zygote poles. Although deepening of therner of each image), of the animal hemisphere of a late interphase live zygote
cein-labeled G-actin at stage 0.1. Microtubules are colored red and actin
at stage 0.7. (B) Gallery of optical sections of the same zygote at stage 0.9.
iking decrease in the linear dimensions of the cytoskeleton with time. Scale
and a stage 0.9 (D–F) live zygotes microinjected with rhodamine-labeled
on of microtubules (colored-red) and microfilaments (colored-green) across
e both cytoskeletons overlapped were colored yellow. Panels A and D are
further optical sections, and the resulting images are shown in panels B and
heads) seem to mostly consist of actin filaments, whereas the animal ring,
d). Panels E and F show that the polar mass seems to mostly consist of actin
tubule cytoskeleton depolymerized faster than the whole microfilament
Fig. 13.
J. Ferna´ndez et al. / Developmental Biology 271 (2004) 59–74 69moving cytoskeleton could explain why less cytoskeleton
was visualized at the zygote surface, our results could also
be interpreted as though the rate of cytoskeleton disassem-
bly was greater than the rate of cytoskeleton assembly. To
test this hypothesis, an estimation of the amount of cyto-Fig. 14skeleton present in the zygote hemispheres at different time
points during late interphase was needed. For this purpose,
zygotes microinjected with the cytoskeletal probes at stage
0.1 were examined by confocal microscopy during stages
0.7–0.9. Galleries of confocal optical sections, taken every.
J. Ferna´ndez et al. / Developmental Biology 271 (2004) 59–747010 Am, were prepared. Comparison of the amount of
labeled microtubules and actin filaments present at different
time points revealed a striking reduction of the cytoskeleton
(Fig. 13). It may be argued that such reduction was due to
cytoskeleton condensation rather than cytoskeleton disas-
sembly, or to a combination of both phenomena. These
possibilities cannot be dismissed because we lack data
concerning the intensity of the fluorescent signal emitted
by the cytoskeleton at different time points during late
interphase. However, the fact that the polar mass of cyto-
skeleton finally disappeared is taken as indicative that
reduction of the ectoplasmic cytoskeleton was indeed asso-
ciated with disassembly of microtubules and actin fila-
ments. The following observations further suggested that
reduction of labeled microtubules seemed to be faster than
reduction of labeled actin filaments. First, by the end of
stage 0.9, the polar mass of the cytoskeleton appeared to
mostly consist of microfilaments (Fig. 14), and second,
microtubules in the shortening meridional bands disap-
peared ahead of microfilaments, following a poleward
direction. Indistinct labeling of microtubules and actin
filaments with rhodamine or fluorescein indicated that this
phenomenon was not due to increased bleaching of one
fluorophore with respect to the other. Therefore, the whole
microtubule cytoskeleton seemed to depolymerize faster
than the whole microfilament cytoskeleton. Further data
concerning with the relative intensity of the fluorescent
signal emitted by the microtubule and actin cytoskeletons,
as well as the area occupied by each of these two compo-
nents at different time points, are needed.
The polar mass of cytoskeleton was associated with the
top of the teloplasm and disappeared during early cleavage.
Sometimes the cleavage furrow appeared before the rings
and meridional bands have completed their bipolar translo-
cation or the animal polar ring has closed to form the
cytoskeletal polar mass. These conditions usually provoked
abnormal segregation of the animal teloplasm that became
partitioned into the first two blastomeres, instead of being
mostly inherited by the larger CD blastomere. The latter
situation is typical of many Spiralia invertebrates such as
leeches (for details, see Ferna´ndez and Olea, 1982).Fig. 15. Video images of live embryos that were microinjected with rhodamine-l
exogenous precursor into microtubular structures of embryonic cells (positive cont
of the mitotic spindle (ms) can be seen. (B) Subcortical microtubules (arrow head
the endoderm and proteloblasts (pr) that give rise to the teloblasts. (C) Mitotic spinExamination of embryos developed from eggs micro-
injected at stage 0.1 showed that their cells utilized the
labeled precursors to assemble cytoskeletal structures such
as the cortical layer of actin filaments, a subcortical layer of
microtubules, mitotic spindles, the microtubule cytoskeleton
of teloblasts, and micromeres (Fig. 15). From these results,
it is concluded that the exogenous fluorescently labeled
subunits were incorporated into the monomer pool of the
embryo. This implies reutilization of the microinjected
labeled subunits during the cell cycle-controlled polymeri-
zation of the cytoskeleton.
Distribution of G-actin in the late interphase zygote
A large cell, like the leech zygote, whose cytoskeleton
turns over rapidly may include a compartmentalized pool of
monomers that would ensure quick interchange of subunits.
For this reason, it was of interest to determine the relative
distribution of G-actin and F-actin in zygotes microinjected
with rhodamine-labeled G-actin at stage 0.1 and fluorescein-
labeled DNase I at stage 0.7–0.8. Labeled DNase I binds to
G-actin and hence allows visualization of monomeric actin
by fluorescence video microscopy. Observation of double-
injected zygotes with the rhodamine filter showed intense
red fluorescence of the polar rings and meridional bands or
the polar cytoskeletal mass, indicating incorporation of the
microinjected labeled precursor into actin filaments. Mod-
erate red fluorescence in the rest of the cytoplasm is
interpreted as due to the accumulation of unincorporated
G-actin. Observation of the same zygote with the fluores-
cein filter showed that the rings and meridional bands or the
cytoskeletal mass exhibited higher green fluorescence than
the rest of the cytoplasm. Similar distribution of the fluo-
rescence was observed in zygotes microinjected with only
labeled DNase I. These observations are considered to
indicate that although endogenous G-actin is present else-
where in the zygote cytoplasm, it seems to be particularly
accumulated in the actin cytoskeleton. Finally, double-
injected zygotes examined with the double filter showed
that the animal ring and meridional bands exhibited intense
yellow to orange fluorescence, whereas the rest of theabeled dimeric tubulin at stage 0.1. The images show incorporation of the
rols). (A) The first cleavage division is about to be completed and remnants
s) assembled at the contact surface between macromeres (ma) that originate
dles (ms) of a macromere that has started endomitosis. Scale bars, 100 Am.
Fig. 16. Micrographs of the animal hemisphere of two zygotes showing co-distribution of F- and G-actin. (A) Zygote microinjected with rhodamine-labeled G-
actin at stage 0.1 and imaged at stage 0.7 with the rhodamine filter. Labeled G-actin was incorporated into the actin filaments of the animal ring (ar) and
meridional bands (mb) that emit intense red fluorescence. The moderate red fluorescence in the rest of the zygote cytoplasm is considered to be emitted by
unincorporated exogenous G-actin. (B) Same zygote after microinjection of fluorescein-labeled DNase I and observation with the fluorescein filter. The higher
fluorescence of the animal ring and meridional bands is considered indicative that G-actin is more concentrated in the cytoskeleton than elsewhere in the zygote
cytoplasm. (C) Same zygote visualized with a double filter. It shows the intense yellow to orange fluorescence of the animal ring and meridional bands and the
moderate orange fluorescence of the rest of the cytoplasm. This observation confirms the co-distribution of F- and G-actin. (D) Another zygote microinjected at
stage 0.8 with fluorescein-labeled DNase I. The more intense green fluorescence of the animal ring suggests greater concentration of endogenous G-actin in the
actin cytoskeleton than in the rest of the cytoplasm. (E and F) Control zygote microinjected with rhodamine-labeled G-actin at stage 0.1 and with purified
fluorescein-labeled DNase I bound to unlabeled chicken G-actin at stage 0.8. Observation with the rhodamine filter (E) shows the labeled actin cytoskeleton of
the animal ring (ar) and meridional bands (mb). Observation with the fluorescein filter (F) reveals that the yolk is autofluorescent but the animal ring and
meridional bands have not been labeled by the modified probe. (G and H) Same zygote imaged 1 h after injection of the modified labeled enzyme, when
uninjected control zygotes divided. It shows that development has been arrested and the actin cytoskeleton, shown with the rhodamine filter (G), remains
‘‘unstained’’ when viewed with the fluorescein filter (H). Therefore, DNase I seems to form a rather stable complex with chicken G-actin, and under these
conditions, the enzyme no longer binds G-actin present in the zygote. The latter results provide additional support to the idea that DNase I specifically binds
chicken G-actin microinjected into the leech zygote. Scale bar, 100 Am.
J. Ferna´ndez et al. / Developmental Biology 271 (2004) 59–74 71cytoplasm showed moderate yellow fluorescence. These
observations not only suggest co-distribution of exogenous
and endogenous G-actin, but also greater concentration of
G-actin in the actin cytoskeleton. It must be mentioned that
injection of DNase I provoked developmental arrest of
zygotes carrying a labeled cytoskeleton. F-actin pull down
by the labeled enzyme did not take place. The specificity of
DNase I binding to the zygote G-actin was tested by
injecting DNase I bound to unlabeled G-actin. To this
end, stage 0.8 zygotes carrying a rhodamine-labeled actin
cytoskeleton were microinjected with fluorescein-labeled
DNase I bound to G-actin. Results showed that this probe
failed to label the zygote cytoskeleton and its development
was not interrupted (Fig. 16).Discussion
Labeled cytoskeletal precursors are incorporated into a
three-dimensional network of microtubules and actin
filaments
Observation of live microinjected or permeabilized-fixed
stage 0.7–0.9 zygotes with mid and high power fluores-
cence video microscopy demonstrated not only incorpora-tion of the labeled cytoskeletal precursors into microtubules
and actin filaments, but also that the cytoskeleton was
organized into a three-dimensional network. The labeled
actin network was superficial, whereas the labeled micro-
tubule network lied deeper in the zygote ectoplasm. Con-
nections between these two networks probably exist. Thus,
our earlier work on microinjected zygotes treated with
cytoskeleton-stabilizing drugs showed that the two net-
works moved together, suggesting that the microtubule
and actin cytoskeletons might be interconnected (Ferna´ndez
et al., 2002). Formation of cytoskeletal networks may be
related to the manner microtubules and actin filaments are
nucleated and the type of interactions established between
the dynamic polymers. In the case of actin filaments,
networks may result from branch formation during actin
nucleation. This actually occurs during dendritic nucleation
of actin filaments in the leading edge of crawling cells and
pathogen comet tails. The Arp2/3 complex plays an impor-
tant role in the dendritic organization of actin filaments
(Cameron et al., 2001; Mullins et al., 1998; Welch et al.,
1998). In the case of microtubules, MAPs may be involved
in microtubule interactions leading to the formation of
networks (see Desai and Mitchison, 1997). Interestingly,
proteins involved in microtubule and actin filament nucle-
ation are present throughout the cytoskeleton of the leech
J. Ferna´ndez et al. / Developmental Biology 271 (2004) 59–7472zygote (unpublished observations). Molecular motors may
also be involved in cytoskeleton patterning (Gaglio et al.,
1997: Hyman and Karsenti, 1998; Vorobjev et al., 2001).
The late interphase zygote assembles a highly dynamic
ectoplasmic cytoskeleton
The interphase cytoskeleton of the leech zygote is unique
in both its structure and properties. Thus, the network of
microtubules and actin filaments forms a complex device of
interconnected polar rings and meridional bands that move
poleward, while its microtubules and microfilaments are
subjected to assembly and disassembly. The available evi-
dence indicates that this property is an important condition
for the cytoskeleton to fulfill dynamic tasks (Vorobjeb et al.,
1999) such as cytokinesis (Field et al., 1999; Fishkind and
Wang, 1995), mitosis (Desai and Mitchison, 1997), axon
branching (Dent and Kalil, 2001; Kent and Kalil, 2001), and
cell migration (Waterman-Storer and Salmon, 1997; Water-
man-Storer et al., 2000). The speed at which the leech
zygote cytoskeleton turns over has not yet been determined.
However, the fact that labeled precursors are continuously
incorporated across the cytoskeleton suggests that micro-
tubules and actin filaments polymerize and depolymerize
very quickly. This may be considered an unusual property
for an interphase cytoskeleton. However, there are several
other examples of interphase cytoskeletons in which cell
function demands very dynamic microtubule and microfila-
ments. This occurs, for example, in protruding lamellae of
motile cells (Theriot and Mitchison, 1991; Wadsworth,
1999; Waterman-Storer and Salmon, 1997), in growth cones
(Yu et al., 1996), in the cortex of amphibian eggs (Houlis-
ton, 1994), in fish melanophores (Rodionov et al., 1994), in
protein secreting cells (Pou¨s et al., 1998), etc. It is worth
mentioning that the cytoskeleton of the leech zygote has
another property not shared by the interphase cytoskeleton
of other cells: high resistance to microtubule poisons and
latrunculin B. Thus, the zygote microtubules and actin
filaments fail to be dismantled by a wide range of concen-
trations of microinjected depolymerizing drugs (Ferna´ndez
et al., 2002). Because the zygote cytoskeleton is very
dynamic, results on drug action are controversial and need
to be further studied.
The fact that turn over of microtubules and actin fila-
ments took place everywhere across the rings and meridi-
onal bands is taken as indicative that nucleation,
polymerization and depolymerization sites must be present
throughout the cytoskeleton. Hence, proteins associated
with these functions must be present across the ectoplasmic
cytoskeleton (reviewed by Desai and Mitchison, 1997;
Higgs and Pollard, 2001; Welch and Mullins, 2002). This
conclusion is supported by the observation that cytasters
giving rise to the rings and meridional bands, during mid
interphase, enclosed centrosomal proteins (Cantillana et al.,
2000a). Furthermore, proteins associated with the nucle-
ation of microtubules and actin filaments are presentthroughout the ectoplasmic cytoskeleton (unpublished
observations).
It is known that cytoskeleton turn over may be regu-
lated by molecular motors whose activity depends on ATP
(Yvon et al., 2001). In leech zygotes, kinesin and cyto-
plasmic dynein are present across the cytoskeleton (Can-
tillana et al., 2000b). These motors may function in the
regulation of cytoskeleton turnover and also in the sliding
of microtubules over microtubules, actin filaments over
actin filaments, and microtubules and actin filaments
relative to each other (Sharp et al., 1999). In this context,
it is worth mentioning that sliding microtubules in the
giant amoeba Reticulomyxa exhibit a high rate of micro-
tubule assembly and disassembly (Chen and Schliwa,
1990). Future work on leech zygotes will attempt to
improve visualization of its labeled cytoskeleton to deter-
mine parameters of microtubule and actin filament dynam-
ics. To this end zygote fragments or peels immersed in
cytoplasmic extracts are expected to provide suitable
preparations.
Because the amount of interphase cytoskeleton gradually
diminished, as the rings and meridional bands approached the
zygote poles, the rate of cytoskeleton depolymerization must
be greater than the rate of cytoskeleton polymerization. This
process is just the opposite of that operating during estab-
lishment of the interphase cytoskeleton, when the rate of
cytoskeleton polymerization was greater than the rate of
cytoskeleton depolymerization (Cantillana et al., 2000a).
This change in the monomer–polymer equilibrium is prob-
ably regulated at the level of the mechanisms controlling
dynamic parameters of the cytoskeleton, such as dynamic
instability, treadmilling, and activity of microtubule and
actin-binding proteins (Desai and Mitchison, 1997; Higgs
and Pollard, 2001; Pollard et al., 2000; Svitkina and Borisy,
1999). The highly dynamic interphase cytoskeleton of the
leech zygote may represent an evolutionary adaptation for the
transportation of numerous organelles in a rather short time.
Co-distribution of F- and-G-actin probably contributes to
the rapid turnover of the actin cytoskeleton
Study of the distribution of monomeric actin, based on
its specific binding to labeled DNase I, showed that the
G-actin–enzyme complex preferentially accumulated at
the rings and meridional bands. This finding suggests that
a major pool of actin monomer may be compartmentalized
in the neighborhood of the actin polymer. This situation
probably allows faster turnover favoring interchange of
subunits between the actin filaments and the pool of G-
actin. The fact that latrunculin B fails to induce depoly-
merization of the actin filaments in the leech zygote has
been interpreted as due to impossibility of the drug to
bind G-actin (Ferna´ndez et al., 2002). This result is
compatible with the existence of a G-actin compartment
not accessible to the drug. Because microtubule poisons
also fail to depolymerize microtubules, presumably be-
J. Ferna´ndez et al. / Developmental Biology 271 (2004) 59–74 73cause they cannot bind tubulin (Ferna´ndez et al., 2002),
the existence of a common tubulin and G-actin compart-
ment is feasible.Acknowledgments
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